Introduction
The Ordovician-Silurian boundary interval witnessed one of the major glaciation and the second largest biotic crisis in the Phanerozoic, i.e., the end Ordovician mass extinction (EOME) (Sheehan, 2001; Brenchley et al., 2003; Harper et al., 2014; Wang et al., 2019) . The EOME was the first of the Phanerozoic "big five" mass extinctions (Raup and Sepkoski, 1982; Sepkoski, 1996) and has been widely linked to the Late Ordovician glaciation (Sheehan, 2001; Finnegan et al., 2012) ; however, consensus on its timing and tempo, and hence the causal mechanism, has not been achieved. One reason is the lack of precise geochronological constraints on this crucial time interval. The current geochronology of this interval was actually calibrated by the CONOP program on the basis of very sparse radiogenic isotope dates in low precision (up tõ 1%), which were yielded from multiple zircon grains, thus producing relatively large uncertainties (Cooper and Sadler, 2012; Ogg et al., 2016) . A group in Chinese Academy Sciences dated the K-bentonite from the top of the Kuanyinchiao Formation at Wangjiawan North section, the Global Stratotype Section and Point (GSSP) of the Hirnantian Stage, using sensitive high resolution ion microprobe (SHRIMP) and achieved a boundary age of 443.2 ± 1.6 Ma (Hu et al., 2008) .
Here we present high-precision isotope dilution thermal ionization mass spectrometry (ID-TIMS) zircon dating of Kbentonite beds from a newly discovered Ordovician-Silurian boundary section in northeastern Yunnan, South China (Tang et al., 2017) . The new dates provide new high-resolution geochronological constraints of the Hirnantian Stage, and also contribute to our understanding of the timing and tempo of the EOME and its subsequent recovery during this time interval.
Geological setting and samples
During the Late Ordovician, South China straddled the equator (Jin et al., 2018) . Much of the South China paleoplate was covered by a restricted epicontinental sea and received organic-rich mud deposits that became the black shale sequence of the Wufeng Formation. At some near-shore localities in the southwestern part of the Yangtze Platform, argillaceous limestone layers developed with intercalated graptolitic black shales, forming the Daduhe Formation of this study.
At Wanhe, the Daduhe Formation, 24.3 m thick, conformably overlies the Linhsiang Formation (lower Katian, Upper Ordovician) ( Fig. 1) . It contains a number of Kbentonite beds, with a thickness ranging from 1e2 mm to several centimeters. Five successive graptolite biozones from upper Katian to lower Hirnantian are recognized in the Daduhe Formation, which are readily correlative to those in the widespread Wufeng Formation on the Yangtze Platform (see Fig. 2 for details). The overlying Kuanyinchiao Formation is 50 cm thick and yields the typical Hirnantia brachiopod fauna that has a worldwide distribution and is largely confined to the lower Hirnantian, providing further biostratigraphic constraint on these K-bentonite beds. The sedimentological and biostratigraphical features indicate a continuous sedimentary succession without any detectable hiatuses after our millimeter-scale observation and measurements, and make the Daduhe Formation ideally suited for geochronological calibrations.
Totally, 23 layers of K-bentonites were sampled from the section ranging from the Daduhe Formation to the base of the Lungmachi Formation, amongst which zircons were successfully separated from 18 samples, with a number of grains ranging from several to around one thousand. Possibility of field contamination was excluded, as all the samples were collected with special caution in the field to avoid contamination from its underlying and overlying layers, all of which were packed in vacuum plastic bags separately.
Analytical methods
Zircon separation, annealing, ion microprobe analysis, chemical abrasion, column chemistry and ID-TIMS analysis were conducted in the Research School of Earth Sciences, Australian National University, with all chemical procedures carried out in ultra-clean laboratory (The famous SPIDER 2 laboratory). Zircon grains were extracted by crushing, magnetic, and heavy liquid separation techniques and were handpicked under a binocular microscope. Zircon grains were transferred to quartz vials and then put into furnace for annealing at 900 C for 48 h, which helped restore the crystallinity of the zircon crystals that experienced light to moderate radiation damage (Mattinson, 2005; Huyskens et al., 2016) .
The zircon grains were mounted in epoxy and then slightly polished for Cathodoluminescence (CL) imaging and preliminary SHRIMP analysis, to facilitate the selection of best grains for ID-TIMS analysis. SHRIMP dating indicated that some samples had severe problem of inheritance from preceding stratigraphy and were not suitable for dating volcanic events.
Subsequently, the zircon grains were transferred from the mount to Teflon beakers filled with HF, put in Teflon liner and assembled in Parr bomb for chemical abrasion (leaching) at 190 C for 15 h. Chemical abrasion removes parts of the crystals that suffered from strong radiation damage and most likely experienced Pb loss, at conditions where the crystalline zircon does not dissolve (Mattinson, 2005; Huyskens et al., 2016) . Then the individual zircon grains were transferred into microcapsules filled with HF and a 202 Pbe 205 Pbe 233 Ue 236 U spike for dissolving at 220 C for at least 72 h. The sample dissolutions were converted to chlorides using 2.5 M HCl and moved on for column chemistry, in which U and Pb were eluted by 0.5 M HNO 3 . Finally the UePb cuts were loaded on outgassed zone refined Refilaments (99.999% Re, H. Cross Company), with silicagel and isotope ratios were analysed using Triton Plus (Huyskens et al., 2012) . Standards including Temora zircon and EARTHTIME solutions were also analysed to monitor the data quality.
Isotopic results for the samples and standards are presented in Table 1 . The isotopic ratios were corrected for common Pb, instrumental mass fractionation and spike. The UePb dates and uncertainties were calculated using the algorithms of Schmitz and Schoene (2007) , with the decay constants proposed by Jaffey et al. (1971) , Villa et al. (2016) and a 238 U/ 235 U ratio of 137.818 (Hiess et al., 2012) . The weighted mean dates of 206 Pb/ 238 U were calculated by Isoplot (Ludwig, 2012) . The errors are documented in 2 sigma.
Results
Only a few zircon grains of 4 samples (AGM72, AGM104, AGM107A, AGM120) were finally proceeded for ID-TIMS UePb isotopic dating and yielded high precision results (Table 1) . Graptolite zonation through a continuous stratigraphic section provides a biostratigraphic context for the four samples. These include AGM72 (middle Dicellograptus complexus Biozone), AGM104 (lower Paraorthograptus pacificus Biozone), AGM107A (upper Tangyagraptus typicus Subzone, 3.23 m below the base of the Hirnantian Stage) and AGM120 (upper Metabolograptus extraordinarious Biozone, 1.04 m above the base of the Hirnantian Stage).
The four K-bentonite samples (AGM72, AGM104, AGM107A and AGM120, see Fig. 2 
Calibrating numerical ages of major chronostratigraphic boundaries
Using the four ID-TIMS zircon UePb dates as controlling points, an improved estimate of numerical ages of chronostratigraphic boundaries can be reached by calculating the Calculation procedures are documented below in details.
(1) Calculating the average sedimentation rates with the ID-TIMS zircon UePb dates as reference points: The average sedimentation rate (m/Ma) for the successions from AGM72 to AGM104, from AGM 104 to AGM107A, and from AGM107A to AGM120 were calculated using thickness (m) divided by duration (Ma) without adjustment of compaction of soft sediments during diagenesis.
R ave ¼ T=D
where R is sedimentation rate (m/Ma), T is accumulated thickness (m) of the interval, and D (Ma) is duration of the interval.
(2) Calculating the sedimentation rates of different lithofacies: Based on lithofacies analysis, two major lithofacies, limestone (argillaceous limestone/skeletal wackestone) and mudstone (mudstone/shale) were distinguished. The sedimentation rates of limestone and mudstone were calculated by using the accumulative thickness of each lithofacies between AGM72 and AGM104, AGM104 and AGM107A, as well as ID-TIMS zircon UePb dates of AGM72, AGM104 and AGM107A.
where T1 mud , T1 lim , T2 mud and T2 lim T are accumulated thickness (m) of the interval for mudstone and limestone between AGM72 and AGM104, AGM104 and AGM107A, respectively. R1 mud and R1 lim are sedimentation rates (m/Ma) of mudstone and limestone between AGM72 and AGM107A, respectively. D1 and D2 are duration (Ma) between AGM72 and AGM104, AGM104 and AGM107A, respectively. Pb ¼ 35.03 ± 0.7 (all uncertainties 2-sigma) for up to 0.4 pg. Any excess was assumed to be modern day crustal Pb after Stacey and Kramers (1975) .
Errors are 2-sigma, propagated using the algorithms of Schmitz and Schoene (2007) . (g) Calculations are based on the decay constants of Jaffey et al. (1971) and a 238 U/ 235 U ratio of 137.818 (Hiess et al., 2012) (3) Calculating the sedimentation rates of carbonate and mudstone/shale lithofacies for the stratigraphic interval above AGM107A. This step is based on the assumption that the ratio of sedimentation rates of limestone and mudstone remained constant in the studied stratigraphic interval (i.e., R lim /R mud ¼ 2.66). Accumulative thickness different facies have also been included in the calculation.
where T3 mud , T3 lim are accumulated thickness (m) of the interval for mudstone and limestone between AGM107A and AGM120, respectively. R2 mud and R2 lim are sedimentation rates (m/Ma) of mudstone and limestone between AGM107A and AGM120, respectively. R1 mud and R1 lim are sedimentation rates (m/Ma) of mudstone and limestone between AGM72 and AGM107A, respectively. D3 is duration (Ma) between AGM107A and AGM120.
(4) The numerical ages of major chronostratigraphic boundaries were estimated from stratigraphic thicknesses of lithofacies using the following equations:
where A is age of the major chronostratigraphic boundaries. A 0 is ID-TIMS zircon UePb dates of AGM72, AGM104, AGM107A or AGM120. T mud and T lim is accumulated thickness (m) of the interval for mudstone and limestone. R mud and R lim are sedimentation rates (m/Ma) of mudstone and limestone. Deviations of the numerical ages (A) were propagated from the deviation of ID-TIMS zircon UePb dates (A 0 ) used in the calculation and the duration of one or several intervals. Because sedimentation rate (also duration) calculation was based on serial equations and direct error propagation would yield unreal errors. The errors of the intervals were simply assumed to be the same as those of ID-TIMS zircon UePb dates.
Discussion
The base and top of the Hirnantian Stage in the latest version of the International Chronostratigraphic Chart (ICC, ver. 2019/05) are calibrated at 445.2 ± 1.4 Ma, and 443.8 ± 1.5 Ma, respectively (Fig. 4) . It should be noted that these two ages are identical within error. The two ages were calibrated by the CONOP program using very few radiogenic isotope dates in low precision as constraining points. Furthermore, each date was yielded from multiple zircon grains, thus producing mixing dates with large uncertainties (Cooper and Sadler, 2012; Ogg et al., 2016) . Among those Ordovician absolute ages, three are close to the Hirnantian Stage, one from the Upper Ordovician P. pacificus Biozone and the other two from the Lower Silurian Coronograptus cyphus Biozone and/or even slightly higher, all of which were analysed nearly thirty years ago (Tucker et al., 1990) .
It should be noted that several new UePb dates close to the OeS boundary in South China have been obtained by different investigators. Hu et al. (2008) dated the K-bentonites from the top of the Kuanyinchiao Formation at Wangjiawan North section, the GSSP of the Hirnantian Stage, which is approximately correlated to the base of the Metabolograptus persculptus Biozone using SHRIMP, as 443.2 ± 1.6 Ma. Six UePb dates analysed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) ranging from the late Katian to the early Silurian were presented at Lunshan, Jiangsu Province, eastern China (Yang et al., 2019) . These dates, however, are short of robust biostratigraphic control and have much larger deviations (2.4e4.3 Ma). Due to much lower accuracy and precision relative to ID-TIMS, both SHRIMP and LA-ICP-MS are not good options to date the stratigraphic boundaries.
The four successive isotopic dates in this study from a single section ranging from the late Katian to the early Hirnantian change the geochronology of the Hirnantian Stage in two important ways. On the one hand, the topmost of the four samples (i.e. AGM120) is from the middle M. extraordinarious Biozone, 1.04 m above the base of the Hirnantian Stage, while its 206 Pb/ 238 U date 442.99 ± 0.17 Ma is even 0.81 Ma younger than the age given in the ICC (ver. 2019/05) for the top of the Hirnantian. On the other hand, sample AGM107A is 3.23 m below the base of the Hirnantian Stage (upper P. pacificus Biozone, uppermost Katian). Its 206 Pb/ 238 U date 443.81 ± 0.24 Ma is 1.39 Ma younger than the ICC age (ver. 2019/05) for the base of the Hirnantian. As noted above, calculations in this study put the base of the Hirnantian at 443.14 ± 0.24 Ma, and its top at 442.67 ± 0.24 Ma, with a total duration of 0.47 ± 0.34 Ma for the entire stage (see Fig. 2 ). This suggests that the Hirnantian is significantly shorter than the previous estimation of 1.4 ± 2.05 Ma; the OeS boundary at 442.67 ± 0.24 Ma in this study is about 1.1 Ma younger than the date given in the ICC (ver. 2019/05) ( Fig. 4) (Cohen et al., 2013) . The new geochronologic data, therefore, provide a high-resolution geochronologic framework for the Hirnantian Stage.
One key question is the duration of the Hirnantian glaciation and its role in the EOME. The previously estimated duration of the Late Ordovician glaciation varied widely, from relatively short 1e2 Ma (Hambrey, 1985) , 0.5e1.0 Ma (Brenchley et al., 1994) or 0.20 Ma (Sutcliffe et al., 2000) , to a protracted >10 Ma (Saltzman and Young, 2005; Trotter et al., 2008; Elrick et al., 2013) . Despite the varied estimates, however, it is now generally agreed that a glacial maximum with an ice sheet equivalent to or exceeding the Pleistocene glacial maximum was confined to the Hirnantian (Finnegan et al., 2011) , and largely within the early Hirnantian (corresponding to the M. extraordinarius Biozone) (Harper et al., 2014; Wang et al., 2019) . The present estimate of a duration about 0.2 Ma in the lower Metabolograptus extraordinarius Biozone provides direct evidence of a very brief Hirnantian glacial maximum (Fig. 2) , therefore supporting the belief that the severity and abruptness of the Hirnantian glaciation might be the ultimate killer of the EOME. Most of those marine organisms then diminished owing to the lack of sufficient time to adjust themselves to the extremely rapid environmental change.
Conclusions
High-precision isotopic dating of K-bentonite zircons from the uppermost Katian to the basal Hirnantian Daduhe Formation (northeastern Yunnan, China) yielded four sequential 206 Pb/ 238 U dates: 444.65 ± 0.22 Ma, 444.06 ± 0.20 Ma, 443.81 ± 0.24 Ma and 442.99 ± 0.17 Ma.
Using the new isotopic dates in this study as controlling points, several key chronostratigraphic ages were calculated based on graptolite zonation and sedimentation rates at this continuous section. The base and top of the Hirnantian Stage are determined at 443.14 ± 0.24 Ma and 442.67 ± 0.24 Ma, respectively, with a duration of 0.47 ± 0.34 Ma for the stage. These ages differ significantly from 445.2 ± 1.4 Ma to 443.8 ± 1.5 Ma given in the ICC (ver. 2019/05), implying a much younger and significantly shorter Hirnantian Stage.
The early Hirnantian (M. extraordinarius Biozone) witnessed the Hirnantian glacial maximum. Our estimate of a duration of~0.2 Ma for this time interval provides direct evidence of a brief major glaciation, supporting that the brevity and intensity of the glaciation have probably been a major killing mechanism of the EOME. 
